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Abstract Highly active unsupported MoO3 and Co−MoO3 catalysts were prepared by a simple solution
reaction method in the presence of different organic additives. Catalysts were characterized by the
XRD, BET surface area measurement, SEM and TEM techniques. Results suggested that utilizing different
additives produced different morphologies of MoO3 microstructures. Optimizing reaction conditions was
found to produce more active molybdenum oxide nanoparticles when urea and PEG200 additives were
utilized. XRD and TEM results indicated crystal growth restriction after cobalt incorporation. Catalytic
activities of prepared materials were evaluated in the hydrodesulfurization reaction of Naphtha. Products
were analyzed by XRF to determine the residual sulfur content of the feed after the reaction occurred.
It was concluded that nanostructures and promoted catalysts had higher activities than microstructure
samples. Ultimately, the reaction over the urea-prepared promoted catalyst decreased the sulfur content
of the feed of Naphtha from 2420 to 24 ppm, which is considerably lower than that of commercial
catalysts.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
During the last fewdecades, oil fuelswithhigh sulfur content
have been regarded as serious environmental pollutants due
to the high level of sulfur dioxide released into the air from
their combustion [1]. Many different investigations have been
carried out in order to achieve an enhanced reduction of sulfur
content in petroleum feedstock. Some of these approaches are
based on novel desulfurization processes [2,3], while others
mention the improvement of existing hydrodesulfurizing
technologies [4]. It seems that preparinghydrotreating catalysts
with higher activity and selectivity is the most appealing
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Open access under CC BY license.approach for petroleum refiners, because of its lower costs and
ease of involvement in process units [5].
Current hydrodesulfurizing catalysts contain molybdenum
sulfide promoted with cobalt or nickel supported on a high
surface area alumina. Unsupported systems are a new group
of catalysts that contain high amounts of metal sulfide. The
development of such catalysts seems to be a promising research
direction [6]. Many pieces of work have been carried out to
prepare unsupported molybdenum based catalysts [7–11]. In
addition, many attempts have been made to replace common
Mo and W active metals with noble metals, such as Rh, Ru, Pd
and Nb [12–15].
To gain an optimum performance from unsupported cata-
lysts, a variety of synthesis procedures were adopted in order
to produce materials with a higher surface area. The proce-
dures included thiosalt decomposition [16,17], homogenous
sulfide precipitation [18,19] and preparation from organic com-
pounds [20,21]. Also the performance of some of these un-
supported catalysts was evaluated in model test reactions and
in real feed ones [22–29]. The higher performance of unsup-
ported catalysts, in comparison with supported counterparts,
may have a different origin. As many researchers have shown,
the population of active sites is considerably higher in un-
supported catalysts, which, when added to the issue of a to-
tal absence of metal-support interactions in such materials,
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est intrinsic activity. The extremely high intrinsic activity of un-
supported catalysts has attracted refiners’ interest more than
previously, provided that the higher fill costs of such materials
are fully compensated by their higher activity [30].
In this work, the authors have proposed a new approach
to prepare molybdenum oxide as an unsupported catalyst
for the HDS process. The preparation procedure is followed
by an in-situ sulfidation of oxides in order to obtain a
molybdenum sulfide catalyst. The effect of particle size
reduction into nanoscale on catalyst structure and activity was
investigated. Also this nanostructured catalyst was promoted
with cobalt for which the catalytic activity was evaluated in the
hydrodesulfurizing reaction of naphtha.
2. Experimental
2.1. Preparation of catalysts
Two series of MoO3 unsupported catalysts with different
particle sizes were prepared by precipitation of MoO3 from
a solution containing AHM (i.e., (NH4)6Mo7O24.4H2O) and an
organic additive as precursors. All starting materials were
purchased from the Merck Company. Microstructures of
MoO3 were the first types of catalyst prepared by utilizing
different additives in the solution. Urea (CO(NH2)2), PEG200
(HO(C2H4O)nH), EDTA (C10H16N2O8) and Sorbitol (C6H14O6)
were used as additives. Synthesis conditions were justified
in order to produce microstructure samples for catalytic
reaction [31]. In a typical preparation of this group, 15 g of AHM
were dissolved in 450ml of distilled water. Then, 5 g of Urea (or
16 g of PEG200, 24 g of EDTA or 15 g of Sorbitol) were dissolved
in 390 ml of distilled water. This solution was added to the first
one, in order to obtain a mixture with 0.1 Mol/l concentration
of Mo, resulting in the 1:1 Mole ratio of additive/Mo. The pH
of the reaction media without any adjustment was about 5 for
all different additives. While stirring, the solution was heated
to 80 °C until solid precipitates formed. This solid was dried at
100 °C in an oven for 6 h. Then, it was heated to 250 °C in a
furnace at a rate of 5 °C/min andmaintained at this temperature
for an hour in the presence of pure air. Next, it was heated
to 500 °C and was kept at this temperature for 90 min. These
samples are denoted as M–U, M–P, M–E and M–S for catalysts
prepared by Urea, PEG200, EDTA and Sorbitol, respectively, in
the discussions to follow.
The second type of catalyst was the nanostructure of MoO3,
which was prepared by urea and PEG200 as additives. These
catalystswere prepared by similar general procedures as above;
yet different reaction parameters were utilized in order to
obtain optimum conditions for producing nanostructures of
MoO3 [31]. In a typical preparation, 15 g of AHMwere dissolved
in 900 ml of distilled water. Then, 10 g of Urea (or 32 g
of PEG200) were dissolved in 780 ml of distilled water. This
solution was added to the first one, in order to obtain a mixture
with 0.05 Mol/l concentration of Mo and 2:1 molar ratio of
additive/Mo. The pH of the reaction media was decreased to
3 in the presence of urea by adding acetic acid, while the pH
of the reaction media in the presence of PEG200 was adjusted
to 10 by adding ammonium hydroxide to the solution. While
stirring, the solutionwas heated to 80 °C until solid precipitates
formed. Drying and heat treatment conditions were similar to
those of microstructure catalysts. These samples are denoted as
N–U and N–P, respectively, in the following discussions.In order to investigate the effect of a promoter on catalyst
structure and evaluate its performance, nanostructure samples
were promoted with cobalt by the following procedure. First,
15 g of AHM were dissolved in 640 ml of distilled water. Then,
7.8 g of Urea (or 26 g of PEG200) were dissolved in 560 ml of
distilled water, and 13.3 g of cobalt nitrate, Co (NO3)2.6H2O,
were added to this solution. Next, this solution was added to
the first one in order to obtain a final mixture with a 0.1 Mol/l
concentration of total metals (i.e., Co plus Mo). The pH of
the reaction media was adjusted to 8.5 by adding ammonium
hydroxide. While stirring, the solution was heated to 80 °C
until solid precipitate appeared in the solution. The drying and
heat treatment of this sample were performed under similar
conditions for other samples. These promoted catalysts are
denoted as Co–N–U and Co–N–P for samples prepared by urea
and PEG200, respectively, in the discussions to follow. The
commercially supported catalyst, Co −Mo/Al2O3, was used to
compare its activity, for the HDS of naphtha, with the activity of
synthesized unsupported Mo-based oxide catalysts.
2.2. Characterization of catalysts
The N2 adsorption isotherms were measured on a Mi-
cromeritics ASAP 2010 instrument. Fresh sampleswere vacuum
dried before the adsorptionmeasurement. The X-ray diffraction
patterns of products were recorded with a PW1840 Philips X-
ray diffractometer with Cu Ka1 radiation (λ = 1.54056 A). The
morphology andparticle size of final productswere observed by
Scanning Electron Microscopy (SEM), using a Philips XL30 mi-
croscope, and Transmission ElectronMicroscopy (TEM), using a
Zeiss LEO912AB microscope, working on 120 kV.
2.3. Catalytic activity for hydrodesulfurization
A real HDS reaction was carried out with a feed of
naphtha using a concurrent fixed bed reactor. A stainless steel,
temperature controlled tubewith an inner diameter of 20.6mm
was utilized as the reactor. The schematic of the reactor set
up is shown in Figure 1. Before the reaction, the oil feed
was pressurized to 15 or 30 bars in a LEWA, Type FC1 high
pressure pump. The hydrogen was supplied from a gas cylinder
(RohamGas Company). The flow rate of hydrogen was adjusted
using a Brooks 5850 TR series Mass Flow Controller (MFC). The
gas flow rate was controlled by a Brooks 0154 MFC Readout,
which was calibrated for different flow rates of hydrogen. The
pressurized oil feed and hydrogen were mixed before entering
into the reactor. Then the feedwas heated up in the reactor. The
temperature of the reactor was raised using an electric furnace.
The temperature of the furnace was adjusted by a JUMO, ITRON
08 Temperature Indicator Controller (TIC). The temperature of
the catalytic bed and furnace was controlled using a HAWCO
temperature indicator. During the reaction, the product was
collected into a condenser continuously where it was cooled
down. The liquid product obtained from the condenser was
used for total sulfur measurements. Gases produced through
the reaction were led from the condenser to a NaOH trap. The
H2S gas was retained in this trap and the remaining gases were
sent to the vent. For packing the catalytic bed, the original
powder sample was reshaped into pellets with a diameter
of 4 mm, and then 7cc of it were loaded into the reactor.
The volume of the packed catalyst corresponded to 12 g for
unsupported samples and 9 g for the industrial catalyst in
which Co/Mo loading was 15 wt%. The top and bottom of the
catalyst bed was packed with silicon carbide as the diluents to
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reaction was performed with a mixture of ISOMAX + 3%
DMDS for unsupported catalysts and ISOMAX + 1% DMDS
for commercial catalysts. This reaction was produced under
a hydrogen pressure of 30 bars, with a LHSV of 2 h−1 and
hydrogen to oil ratio of 175 Nl/l. The sulfidation temperature
changed with variable rates of 40 °C/h from the ambient
temperature up to 180 °C, then at 20 °C/h for 180–260 °C,
namely, the starting point at which the sulfidation mixture
was injected, then at 10 °C/h for 260–310 °C, and, finally,
maintained at this temperature for 12 h. The pressure was then
decreased to 15 bars and the feed changed to Naphtha. This
feed contained 2420 ppm of sulfur compounds. The reaction
conditions were as follows: at a temperature of 310 °C with a
liquid hourly space velocity (LHSV) of 4 h−1 under a hydrogen
pressure of 15 bars at the volumetric hydrogen/oil ratio of
175 Nl/l, which well approximated industrial conditions. The
reaction took place for 48 h. After the HDS reaction, Naphtha
was collected in the condenser. Sample drainingwas performed
after each 24 h, and the final sample was used for total sulfur
analysis. The total sulfur amounts of feed and product were
analyzed by the X-ray Fluorescence (XRF) technique, using an
ASTM D2622 analyzer.
3. Results and discussion
3.1. Mechanism of synthesis reaction
AHM is usually utilized as a precursor inmolybdenum based
catalyst preparations.MoO3 catalysts are synthesized accordingto the following reaction:
(NH4)6Mo7O24.4H2O −→ 7MoO3 + 6NH3 + 7H2O.
The MoO3 prepared by this method contained long microstruc-
ture chains of MoO3 connected to one another. The MoO3 was
later transformed into MoS2 by an in-situ or ex-situ sulfidation
process. Thus the synthesis process ought to be controlled to ob-
tain homogenous, nanostructure catalysts with a larger surface
area and higher activity for the HDS process.
The main idea of involving an organic additive in this
reaction was to control the formation and growth of MoO3
chains. Hence organic additives utilized in this study played
a crucial role, both in the formation of MoO3 nuclei and in
directing its crystal growth. Primarily, the NH+4 andOH− groups
were removed from the AHM structure by a hydrolysis reaction
in water. The functional groups of additive attacked the Mo+6
in the center of the complex and made strong interactions
with it. Thus the Mo ions were extracted from the complex
by forming new ligand structures with additive molecules.
Therefore, nuclei formation with a great dispersion in solution
became possible through the incorporation of an additive.
Later, the additive molecules were removed by oxidation at
elevated temperatures. Therefore, by using a proper additive
with adjusted reaction parameters, it was possible to obtain
an optimum morphology and particle size of product, in
order to enhance the surface properties of catalysts and their
performance for the HDS process [31].
The catalyst was promoted by the cobalt through the Co
(II) cations participating in the oxide phase formation in the
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N–P, (g) Co–N–Uand (h) Co–N–P.
solution. The bonding between Co cations and Mo anions in
this step was formed according to the following hypothetical
reaction:
Co2+ +MoO2−4 −→ CoMoO4.
This is a stoichiometric reaction which simply occurs in the
presence of Co and Mo ions if the reaction conditions may
be adjusted. The chemical bond of Co and Mo facilitates the
formation of a homogenous binary metal phase in which the
promoter atoms are dispersed properly all over the catalyst.
This method prevents the agglomeration of Co atoms on the
surface of the catalyst and allows the formation of catalytic
active sites with more surface area, in comparison with other
methods, for promoting unsupported Mo catalysts.
The additive utilized for synthesizing promoted catalysts
plays a crucial role in the final product textural properties.
In this reaction, the additive interacts with both Mo and Co
ions and enhances the homogenous dispersion of the promoter.
Therefore, by forming ligands with a metal phase, the additive
acts as a textural promoter and stabilizing agent for the catalyst.
3.2. Characterization of catalysts
Various additives were examined under similar reaction
conditions in order to find the most effective additive for
catalyst production. Figure 2 represents the XRD patterns of
micro and nanostructure catalysts and, also, promoted samples
after heat treatment. Narrow XRD peaks of all microstructure
samples indicate that in the absence of optimum reaction
conditions, larger crystalline phases are formed. It is apparent
that M–U and M–P mainly consist of a (021) crystalline phase
of MoO3, whereas (040) sharp peaks in M–E and M–S verify
the domination of a (040) phase in these samples. This meant
that the crystal growth in various samples was conducted in
different directions, so dissimilar morphologies are expected
for different samples.
Table 1 presents the physical properties of unsupported
catalysts. It is seen that microstructure samples have low to
moderate surface areas. The lowest surface area belongs to
M–S due to its micro scale particles, which restricted the acces-
sible surface area of the catalyst and hence prevented reactantmolecules from accessing active sites of this sample. On the
other hand, M–U had the most homogenous particles, with re-
spect to other samples, which might have provided catalytic
sites with similar activity on the whole surface of the catalyst.
Evidently, each sample had a special morphology that was
different from others. However, both M–U and M–P consisted
of particles with similar submicron size in all dimensions.
In contrast to these samples, microrods and microsheets
were major structures existing in M–E and M–S materials,
respectively. The difference in crystal growth directions might
have led to different morphologies of particles. It seemed
that the domination of the (021) phase in M–U and M–P led
to the formation of more symmetric particles, whereas the
dominant phase of (040) supported the production of rod-like
morphology in M–E and M–S materials [31].
Compared with M–U and M–P, both N–U and N–P samples
exhibited weak XRD peaks and smaller crystal sizes; in
particular, the (021) peaks decreased by changing the reaction
conditions for both samples. Obviously, optimizing reaction
conditions and choosing an appropriate additive are crucial
factors in changing the catalyst crystal size. Furthermore, it is
seen in Table 1 that by optimizing the synthesis condition, a
considerable increase in surface area was obtained for both
N–U and N–P materials. So, the enhancement of textural
properties was an undeniable result of the reduction of particle
size to nanoscale. Also a considerable change in morphology
was observable as a result of particle size reduction. SEM and
TEM images of N–UandN–P in Figures 3 and 4 showed spherical
particles as the main morphology of both samples.
After catalyst promotion with cobalt, a significant decrease
in the intensity of MoO3 peaks, especially of the (021) peaks,
was observed in both samples. This fact emphasized that
promoter atoms were particularly placed at the (021) phase
of MoO3 crystals, which limited the crystal growth in this
direction. The existence of the CoMoO4 phase in both samples
was reflected in a very weak peak placed between (021)
and (040) peaks in XRD patterns of Co–N–Uand Co–N–P. In
addition, diffractions of separate cobalt oxides were detected
in the Co–N–P sample. This is due to full loading of the cobalt
precursor which led to the formation of the Co3O4 phase in
such a sample. This peak was not observed in Co–N–U, which
indicated that Co3O4 separate phases were not formed in the
presence of urea. The Co3O4 separate phase might have been
formed on active sites, and reduced the catalytic activity of the
Co–N–P sample.
Results indicated that the addition of the promoter led to
a reduction in the surface area of catalysts. It seemed that the
presence of promoter molecules within the catalyst structure
might have affected the surface area of unsupported MoO3 in
an adversemanner. In other words, the addition of cobalt might
have changed the morphology of MoO3 clusters, arranging
them in a decoration that served a smaller surface area.
Therefore, the addition of a promoter induced some textural
and morphological changes in the catalyst structure, which led
to a reduction in catalyst surface area. After the introduction of
the promoter to samples a slight decrease in particle size might
have been recognized in SEM and TEM images; no distinct
change of morphology was observed for these samples. The
reduction of particle size in promoted samples verified the
textural nature of this promotion, which might have caused an
unexpected simultaneous decrease in particle size and in the
surface area of the catalyst.
Figure 5 shows N2 adsorption isotherms for the nanostruc-
ture and promoted catalysts. The adsorbed volumes byN–U and
Co–N–U were more than those of N–P and Co–N–P. This sub-
stantiated that utilizing Urea as a textural promoter was more
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Morphology from SEM/TEM Particle size from
SEM/TEM (nm)
M–U 5.7 – 462 Semi-sphere 250
M–P 3.9 – 571 Semi-sphere 500
M–E 1.3 – 644 Rod 200 (diameter)
M–S 0.81 – 773 Sheet 400 (width)
N–U 16.8 6.7 236 Sphere 50–60
N–P 6.5 8.3 342 Semi-sphere 90–100
Co–N–U 13.8 10.9 97 Sphere 20–25
Co–N–P 5.4 11.5 168 Sphere 50–60
a Samples were vacuum dried before surface area measurement.
b 4 V/A calculated by BET.a b
c d
Figure 3: SEM images of (a) N–U, (b) N–P, (c) Co–N–Uand (d) Co–N–P.effective than PEG200. Lowering the N2 adsorption after cata-
lyst promotion was evidence of the reduction in surface area of
the promoted samples.
3.3. Effect of organic additives
According to the observations of this research, dissimilar
structures of additives might cause different chemical and
physical interactions between the additive structure and the
ammonium heptamolybdate complex. These differencesmight,
in turn, affect the rate of nuclei formation and growth. Urea
might extract more Mo ions from the AHM complex structure
and form more nuclei with smaller sizes, in comparison with
PEG200 and Sorbitol. The complex molecular structure of
EDTA may cause considerable steric hindrance and lead to
microstructure formation. The effect of these additives was
thoroughly discussed in a previously published article [31].
3.4. Catalytic activity for hydrodesulfurization
The ultimate goal of this researchwas to synthesize catalysts
for the HDS process with the ability to remove the highest
amount of sulfur content of feed during the catalytic reaction.
Therefore, the catalytic activity of all samples was tested,
regardless of their superior or inferior textural properties. Forthis purpose, the residual sulfur content of Naphtha, after
the hydrodesulfurizing reaction, is displayed in Figure 6. The
percentage of potential experimental error was about 5%–7%
for all samples, which is represented in Figure 6 by error
bars. The microstructure catalysts had almost equal activities
in the desulfurization process. It is noteworthy that even
some microstructure catalysts prepared by proper additives
displayed higher activities than commercial catalysts. It was
further observed that M–U and M–P had higher activities
amongst these samples, while M–E and M–S showed lower
activities. Beyond the difference in surface area for these
materials, this fact might be rationalized by matching the
dominant crystalline phase of catalysts and the sulfidation
procedure on the surface of these samples. Due to the different
reactivities along the crystallographic directions, dissimilar
sulfidation might have also occurred in particles with different
morphologies. During the sulfidation reaction, theH2molecules
diffused between the layers of MoO3 in the (010) direction,
and a reduction in MoO2 occurred instead of a sulfidation
reaction. In this case, the sulfidation reaction took place only
on the surface of the sample, which left the inner part of the
catalytic structures unaffected [32]. Thus, samples with rod-
like morphology, which mainly consisted of a (040) crystalline
phase, had a poor sulfide structure. Ultimately, these structures
showed lower activity in the hydrodesulfurizing reaction, as
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Figure 4: TEM images of (a) N–U, (b) N–P, (c) Co–N–Uand (d) Co–N–P.Figure 5: N2 adsorption isotherms of nanostructure and promoted catalysts.
represented in Figure 6. Consequently, it was preferred to
synthesize oxide pre-catalysts with special morphologies that
contained a crystalline phase, with a higher tendency to
participate in sulfidation reactions, instead of reduction by
hydrogen molecules.
Urea and PEG200 were used in synthesizing nanostructure
samples, due to their better performance in the HDS of
Naphtha. In both cases, a slight improvement in catalytic
activity was observed due to the larger surface area of the
nanostructure catalysts. The slight change of activity showed
that non-promoted MoO3 catalysts had a limited potential for
participating in HDS reactions, and promotion with cobalt was
essential for achieving high intrinsic activities. On the otherFigure 6: Residual sulfur content of Naphtha after HDS reaction at 310 °C with
LHSV of 2 h−1 under hydrogen pressure of 15 bars.
hand, the promoted catalysts had the highest activities between
all synthesized samples. Using Co–N–U as catalyst, more than
99% of the sulfur content of the feed were removed in the
product, leaving behind 24 ppm of sulfur compound in the
feed. This was a significant improvement in its own right, since
the residual sulfur content after reaction over the commercial
catalyst was about 238 ppm.
Although the surface area of catalysts decreased after
promoter addition, the catalytic activity for theHDS reaction in-
creased considerably in the case of these samples. The relation-
ship between specific surface areas of Mo- based catalysts and
HDS activity is a matter of debate. In fact, catalysts with larger
surface areas did not necessarily yield a higher HDS activity. It
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area in determining the activity of catalysts. Furthermore, one
has to bear inmind that the addition of cobalt does not enhance
the catalyst activity by exposing more surface area; rather, the
effect of cobalt might be explained by the textural promotion
of the catalyst surface. This point of view is consistent with the
observations of other researchers also [10,24].
4. Conclusion
The preparation of catalysts by the solution method, in the
presence of different additives, led to products with different
properties and activities for the HDS reaction. Microstructure
MoO3 catalysts with different morphologies showed moderate
surface areas. Adjusting reaction parameters to an optimum
amount decreased the particle size and increased the surface
area of unsupported catalysts. The activity increased slightly
after particle size reduction. However, the addition of promoter
decreased the surface area. XRD results showed that cobalt
incorporation may inhibit the crystal growth and decrease
the particle size of samples. Nanostructure and promoted
samples had higher activities than microstructure catalysts.
The conversion over the promoted sample was higher than
other samples. In addition, the sulfur content of feed after
reaction over the urea-prepared promoted samples was
remarkably lower than when a commercial catalyst was
utilized. These results suggested that by utilizing proper
additives and optimizing the reaction parameters, it would be
possible to produce catalysts with higher activity. Furthermore,
catalyst promotion by this method may produce highly active
unsupported catalysts that will surpass commercial catalysts in
the hydrodesulfurizing reaction.
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